The nickel-catalyzed cycloaddition of unsaturated hydrocarbons and carbonyls is reported. Diynes and enynes were used as coupling partners. Carbonyl substrates include both aldehdyes and ketones. Reactions of diynes and aldehydes afforded the [3, 3] electrocyclic ring-opened tautomers, rather than pyrans, in high yields. The cycloaddition reaction of enynes and aldehydes afforded two distinct products. A new carbon-carbon bond is formed, prior to a competitive β-hydrogen elimination of a nickel alkoxide, between the carbonyl carbon and either one of the carbons of the olefin or the alkyne. The steric hindrance of the enyne greatly affected the chemoselectivity of the cycloaddition of enynes and aldehydes. In some cases, dihydropyran was also formed. The scope of the cycloaddition reaction was expanded to include the coupling of enynes and ketones. No β-hydrogen elimination was observed in cycloaddition reaction of enynes and ketones. Instead, C-O bond-forming reductive elimination occurred exclusively to afford dihydropyrans in excellent yields. In all cases, complete chemoselectivity was observed; only dihydropyrans where the carbonyl carbon forms a carbon-carbon bond with a carbon of the olefin, rather than of the alkyne, were observed. All cycloaddition reactions occur at room temperature and employ nickel catalysts bearing the hindered 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) or its saturated analogue, 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazolin-2-ylidene (SIPr).
Introduction
Transition metal-catalyzed [2 + 2 + 2] cycloadditions are an extremely powerful method for the synthesis of various carbo-and heterocyclic compounds. 1 Not only are the reactions carried out catalytically under neutral conditions, but they offer a great degree of flexibility in the compounds that can be synthesized. For instance, one diyne can be transformed into a benzene ring, pyridone, pyridine, pyrone, or pyran depending on whether it is coupled with alkyne, isocyanate, nitrile, carbon dioxide, or a carbonyl (aldehydes and ketones) (Scheme 1). 2 While a great degree of success has been realized with [2 + 2 + 2] cycloadditions of diynes with alkynes, 3 isocyanates, 4 nitriles, 5 and carbon dioxide, 6 far less success has been had with aldehydes 7 and ketones. 8, 9 The inability to efficiently couple carbonyls with diynes via a transition metal-catalyzed [2 + 2 + 2] cycloaddition is unfortunate due the prevalence of pyrans in several biologically important compounds. Thus a direct, catalytic cycloaddition route utilizing simple starting materials conducted under neutral reaction conditions would be a valuable synthetic tool in the construction of pyrans.
The relative lack of success in the coupling of carbonyls and diynes can be attributed to a combination of two factors. The first is the increased steric bulk of carbonyls relative to alkynes, isocyanates, nitriles, and carbon dioxide. The latter all possess sp-hybridized carbons whereas carbonyl carbons are sp 2 -hybridized. Such a simple change in hybridization severely limits the "faces" from which an electrophile can be attacked from. The linear molecules (those containing sp-hybridized carbons) can easily be attacked from any face in their 360° radius. Trigonal planar molecules (those containing sp 2 -hybridized carbons) can only be easily attacked from one of two faces (i.e., the top face or the bottom face).
The second contributing factor is the energetically demanding C-O bond-forming reductive elimination required for the pyran formation. Indeed, the reductive elimination of ethers from transition metal complexes is a rare elementary reaction that is generally limited to special cases. Of particular note are processes catalyzed by Pd phosphine systems that afford aryl ethers via key C-O reductive-elimination steps. 10 Such systems typically employ sterically hindered alkylphosphine or bidentate arylphosphines. The efficacy of these ligands is believed to lie in their ability to inhibit facile β-hydrogen elimination from the alkoxide intermediate 11 and to accelerate rate-determining C-O bond-forming reductive elimination. Similar reductive eliminations from Ni complexes appear to be more challenging. Theoretical calculations have shown that in C-X bond-forming reductive eliminations from (PH 3 ) 2 Ni (CH 3 )(X) complexes (where X = C, O, or N), the C-O reductive elimination is 6.0 kcal/ mol higher than the C-N reductive elimination and 19.1 kcal/ mol higher than the C-C reductive elimination. 12 In fact, Hillhouse demonstrated Ni(II) alkoxide complexes require oxidation to induce C-O reductive elimination through a one-electron process. In contrast, thermolysis of the Ni complexes favors β-hydrogen elimination of the alkoxide ligand followed by C-H reductive elimination. 13 In accordance with these difficulties, only two examples of transition metal catalyzed [2 + 2 + 2] cycloadditions of diynes with carbonyls have been reported (Scheme 2). Both reactions require elevated temperatures and relatively reactive carbonyl substrates (i.e., aldehydes and activated ketones). The first was by Tsuda and co-workers who successfully coupled diynes with aldehydes in the presence of a Ni/phosphine catalyst to generate a pyran. 7a The second was by Itoh and co-workers who used a Ru catalyst to couple diynes with a tricarbonyl to afford a dieneone, which is the 3,3 electrocyclic ring-opened tautomer of the pyran cycloadduct. 8 Previous results from our laboratory have shown that Ni/NHC (NHC = N-heterocyclic carbene) complexes efficiently catalyze the [2 + 2 + 2] cycloaddition of diynes with isocyanates, nitriles, and carbon dioxide. 4b,5e,6c,d On the basis of these results and the limited success in the coupling of diynes with carbonyls, we sought to expand our Ni/NHC catalyst system to include the coupling of carbonyls with diynes. Herein, we report the development of a Ni/NHC catalyst that effectively cyclizes unsaturated hydrocarbons, such as diynes and enynes, with carbonyl substrates, such as aldehydes and ketones, at ambient temperature.
Results and Discussion

Cycloaddition of Diynes and Aldehydes: Catalyst Development
A variety of conditions were evaluated by using diyne 1 and benzaldehyde as model substrates for the cycloaddition reaction (eq 1). Initially, several phosphines and carbenes were screened as potential ligands for this reaction (Table 1 ). Since Tsuda and Saegusa's original report, several new bulky phosphine ligands, which have shown improved reactivity in C-N and C-O bond-forming cross-couplings, 14 have been developed and were included in our ligand screen. Unfortunately, no diyne conversion was observed with any of the phosphine ligands (entries 2-7). Upon switching to the N-heterocyclic carbene ligands, 15 which we have successfully employed in other cycloaddition reactions, 4b,5e,6c-d,16 improved conversions and yields were observed. High diyne conversion was observed when a sterically hindered N-alkyl carbene was employed; however, only trace amounts of the desired pyran were observed (entry 8). When N-aryl carbenes were employed, a marked increase in the ratio of pyran formation to diyne conversion was observed (entries 9-11). The highest yields of pyran were observed with N-aryl carbenes possessing increased steric hindrance (entries 10-11). Interestingly, the saturated SIPr ligand provided significantly higher conversions of diyne in conjunction with higher pyran yields than reaction run in the presence of the sterically similar IPr ligand.
Ultimately, a protocol similar to the one found effective for the cycloaddition of alkynes and CO 2 6c,d cleanly afforded dienone 2, which is derived from electrolytic ring opening of the initially formed pyran 2′ (eq 2). 17 Excellent yields (as determined using gas chromatography) were obtained with 5 mol % of Ni(COD) 2 , 10 mol % of SIPr, a diyne concentration of 0.1 M in toluene, and a slight excess (1.25 equiv) of aldehyde at room temperature.
(2)
Cycloaddition of Diynes and Aldehydes: Formation of Dienones 18 As illustrated in Table 2 , the Ni/SIPr combination catalyzes the cycloaddition reaction of diynes and various aldehydes. For example, benzaldehyde cyclized smoothly at room temperature with diynes 1 and 7 to afford dienones 2 and 8 in good yields (entries 1 and 6, respectively). The cycloaddition of an aryl aldehyde bearing an electron-donating group (pOMe) afforded the dienone product in a higher yield than the reaction of an aryl aldehyde possessing an electron-withdrawing group (p-CF 3 ) (entries 2 and 3, respectively). Aliphatic aldehydes also underwent facile cycloaddition (entries 4 and 5) with slightly modified conditions (10 mol % Ni (COD) 2 and 10 mol % SIPr). In addition, excess butyraldehyde (entry 5, 5 equiv) was necessary to ensure complete dienone forma-tion. 19 Diynes possessing a three-carbon linkage between alkynes also underwent Ni-catalyzed cyclization with aldehydes. When diynes 9 and 11 were subjected to benzaldehyde under standard cyclization procedures, dieneones 10 and 12 were obtained in 20% and 91% yield, respectively (eqs 3 and 4). Interestingly, the connectivity of dienones 10 and 12 was different than those obtained from reactions involving diynes possessing a four-carbon linkage (Table 2) . Specifically, the C-C bond between the carbonyl carbon and the Ph group of benzaldehyde is cleaved in dienones 2-8 ( Table 2 ). In contrast, this bond remains connected in dienones 10 and 12. A similar outcome occurs in Ni/PR3-catalyzed cycloadditions where reactions were run at high temperatures. 7a It is believed that products of this nature arise from a [1, 5] H shift. 7a An alternative account of these products involves β-hydrogen elimination from a Ni alkoxide intermediate (13, Scheme 3) . 13 If nickelacycle 13 undergoes C-O bond-forming reductive elimination, dienones where the carbonylcarbon bond has been cleaved are formed. On the other hand, if nickelacycle 13 undergoes β-hydrogen elimination and subsequent carbon-hydrogen reductive elimination, dienones where the carbonyl-carbon bond remains intact are formed. The ratio of products would therefore depend on the relative rates of carbon-oxygen bond-forming reductive elimination and β-hydrogen elimination. It is likely that carbon-oxygen bond-forming reductive elimination is more facile when a less strained [6, 6] ring system is being formed (i.e., when n = 2), which explains the formation of electrocyclic ring-opened cycloadducts (2-8). In contrast, the higher energy barrier to form a relatively strained [5, 6] ring system (i.e., when n = 1) prevents carbon-oxygen bond-forming reductive elimination from occurring, and in turn, only dienone products arising from β-hydride elimination are observed (e.g., dienones 10 and 12).
Cycloaddition of Enynes and Aldehydes
The cycloaddition of enynes and carbonyls (or even heterocumulene derivatives) 20,21 remains a challenge in synthetic chemistry. Given the dramatic increase in reactivity of the Ni-carbene catalysts in the cycloaddition of diynes and aldehydes, enynes were evaluated as potential substrates. Thus, enyne 14 was subjected to benzaldehyde under optimized reaction conditions at room temperature (eq 5). Cyclization led to the formation of two products, enone 15 and ketone 16, which were isolated in a 1:1.6 ratio for a combined overall yield of 79%. The carbonyl carbon of the aldehyde substrate is connected to the alkyne portion in enone 15 whereas this carbon is connected to the alkene portion in ketone 16.
The cycloaddition reaction of benzaldehyde and enyne 17, whose sole difference from enyne 14 is an ethyl substituent on the terminal end of the alkyne, gave enone 18a exclusively under identical reaction conditions (eq 6 and entry 1 of Table 3 ). Thus, when enynes with slightly larger alkynes were used as the substrates, only enone products were obtained (Table 3) . In all cases, products arising from the addition of the carbonyl carbon to the alkene were not observed. Furthermore, addition of the carbonyl carbon to the alkyne was observed regardless of the aldehyde substrate. For example, both aryl and alkyl aldehydes produced enone products (entries 1-6, Table 3 ). Increasing the steric hindrance of the aldehyde had no effect on the chemoselectivity of the reaction (entries 2 and 5). Electrondonating and electron-withdrawing aryl aldehydes both afforded enone products suggesting electronic effects of the aldehyde do not play a major role in determining the chemoselectivity between enone and ketone formation (as seen in Table 3 ). The cycloaddition also proceeded smoothly in the presence of silyl and benzyl protecting groups to give the corresponding enones in good to excellent yield (entries 7 and 8). Enynes with a three-carbon linkage also cyclized to afford the enone product as a five-membered carbocycle (entry 9).
Chemoselectivity of the Cycloaddition of Substituted Enynes: Alkyne Substituents
The difference in product ratio (enone:ketone) obtained in the cycloaddition of enyne 14 versus enyne 17 suggested the chemoselectivity could be influenced by varying the steric bulk of the alkyne substituent. Thus, a series of substituted enynes, containing one terminal olefin and an internal alkyne bearing a terminal group of varying size (R = H, Me, Et, i-Pr, and n-Pr), were prepared. These enynes (14, 17, 25, 27, 29) were subjected to benzaldehyde under the standard cycloaddition conditions (Table 4) . When the R group at the terminal position of the alkyne was a hydrogen atom (entry 1), only ketone 26, arising from the addition of the aldehyde to the olefin, was observed. Increasing the size of the R group to methyl led to the formation of both enone (15) and ketone (16) products in relatively equal amounts (1:1.6). When the alkyne substituent was Et (entry 3) or larger (entries 4 and 5), a complete reversal in product formation was observed. In these cases, the carbonyl carbon preferentially reacted with the alkyne portion of the enyne.
Chemoselectivity of the Cycloaddition of Substituted Enynes: Olefin Substituents
The effect of olefin substitution on the chemoselectivity was also investigated. When the alkyne bears a methyl group at its terminus, a mixture of enone and ketone products were obtained (entry 2, Table 4 ). This feature suggested that enynes of this nature (i.e., R = Me), but bearing various substituted tethered olefins, would allow us to delineate the effect of olefin substitution on the chemoselectivity of the cycloaddition. Thus, a series of enynes (31, 32, and 35) bearing methyl substitution on the olefin were prepared and subjected to benzaldehyde under standard cycloaddition conditions. Enyne 31 that possesses a transsubstituted olefin failed to react (eq 7), which may be due to a decreased ability of the olefin to bind to the metal center. On the other hand, the analogous cis enyne 32 cyclized with benzaldehyde to yield ketone 33 and pyran 34 (eq 8). Likewise, the cyclization of enyne 35 with benzaldehyde produced similar results. Ketone 36 and pyran 37 22 were formed in 82% and 18%, respectively (eq 9). In all cases, only products arising from the coupling of the carbonyl carbon with the olefin were obtained.
Interestingly, although ketone 33 was obtained as a mixture of diastereomers, formation of the pyran products displayed higher selectivity. Both pyrans 34 and 37 were isolated as single diastereomers (eqs 8 and 9). The trans configuration between the methyl and phenyl substituents was confirmed by X-ray analysis. 23 
Rationale for the Chemoselectivity of the Cycloaddition of Enynes and Aldehydes
The chemoselectivity observed in these cycloaddition reactions may be due to a similar rational for the selectivity observed in cycloadditions between diynes with CO 2 , 6c,d isocyanates, 4b and nitriles. 5b In those reactions, unsymmetrical diynes that possess a large TMS (or t-Bu) group on one of the alkynyl units undergo regioselective cycloaddition. The regioselectivity is most likely governed by an insertion step. Thus, to minimize steric repulsion between the TMS group and the sterically hindered NHC ligand, heterocyclic products that bear the TMS group in the 3-position are formed. Similarly, the chemoselectivity observed in the cycloaddition of enynes and aldehydes may be dictated by the insertion step (Scheme 4) 24-26 Increasing the steric hindrance of the alkyne substituent (R) favors coupling between the alkyne and the aldehyde through the preferential formation of oxanickelacycle 38. This intermediate minimizes the steric repulsion between the alkyne substituent and the NHC ligand. Similarly, enynes bearing methyl substitution on the olefin lead to increased coupling between the olefin and the aldehyde through the selective formation of oxanickelacycle 39. This intermediate minimizes the steric repulsion between the olefin substituent (i.e., a methyl) and the NHC ligand. For both 38 and 39, facile β-H elimination from the alkoxide ligand occurs to afford the carbonyl products. Interestingly, substitution on the olefin appears to enhance C-O bond-forming reductive elimination 24 as pyran products are observed (eqs 8 and 9).
Cycloaddition of Enynes and Ketones
Given the facile nature of the cycloaddition between enynes and aldehydes, other carbonyl substrates were examined in an effort to further expand the scope of the reaction. Thus, ketones were used as coupling partners in lieu of aldehydes. Not only would this exchange open a relatively unexplored realm in [2 + 2 + 2] cycloadditions, but the use of ketones would also eliminate the possibility of the β-hydrogen elimination that occurs when aldehydes are used. At the onset, it was unclear whether ketones would be suitable substrates for the cycloaddition. As seen with cycload-ditions involving CO 2 or aldehydes, the Ni/carbene-catalyzed cycloadditions are sensitive to steric hindrance. Thus, it was possible that ketones may be too sterically hindered to undergo cyclization. Another concern was that simple alkyl ketones may not have sufficient electrophilicity to undergo oxidative coupling or insertion into a nickelacycle intermediate. 24d,27 Indeed, Rucatalyzed cyclizations of diynes and ketones only provide products when electron-deficient ketones were employed. 8 Initially, the cycloaddition of a ketone, cyclohexanone, and a diyne (1) was evaluated (eq 10). Gratifingly, cyclohexanone reacted smoothly with diyne 1 under slightly modified conditions to afford pyran 40a in 80% yield. As observed in the reaction of diynes and aldehydes, pyran 40a also underwent spontaneous electrolytic ring opening. However, in this case, the pyran (40a) existed in thermal equilibrium with its ring-opened dienone tautomer 40b in a ratio of 10:1.
(10)
The cycloaddition of ketones was then evaluated with enynes. Enyne 14 and acetone were subjected to standard reaction conditions and dihydropyran 41 was obtained, albeit in low yield. However, the yield of dihydropyran could be increased by the slow addition of the enyne to the reaction mixture. Ultimately, the slow addition of enyne 14 at room temperature to a stirring solution of Ni(COD) 2 (10 mol %), IPr (15 mol %), and acetone (1.25 equiv) in toluene afforded dihydropyran 41 as a single regioisomer in good isolated yield (Table 5 ). To our knowledge, this is the first example in which both anunactivated ketone and enyne participate in a cycloaddition reaction.
Further optimization of the reaction conditions showed that the addition of 3 Å molecular sieves (150 mg/mmol) led to improved yields. 28 With use of these conditions, a variety of unactivated ketones cyclized to afford pyrans in excellent yields (>91%). As illustrated in Table 5 , steric hindrance about the carbonyl played a large role in determining the reaction conditions. Both the ketone concentration and enyne addition time needed to be adjusted accordingly to minimize oligomeric side products. For instance, 1.25 equiv of acetone smoothly reacted with enyne 14 by adding the enyne over 0.5 h (entry 1). However, when 3-pentanone was used (entry 2), 4.0 equiv of ketone and an enyne addition time of 4 h was needed to obtain a comparable yield. Unsymmetrical methyl ketones also produced the cycloadducts in excellent yields (entries 3 and 4). Cyclic ketones possessing 5-, 6-, and 7-carbon rings were also suitable substrates for the reaction requiring 1.25-4 equiv of ketone and enyne addition times of 0.5-2 h (entries 5-7).
As shown in Table 6 , enynes with variable substitution patterns and functionality were also tolerated. Enyne 35 (entry 1), possessing a methyl group at the internal position of the olefin, smoothly cyclized to yield pyran 48 as a single diastereomer as confirmed by X-ray analysis. 23 However, placing substituents at the terminal position of the olefin proved more problematic. While an internal olefin with cis geometry required 10 equiv of acetone to obtain a high yield of the dihydropyran (entry 2), internal olefins with a trans geometry failed to produce any of the desired product. On the other hand, increasing substituent length on the alkyne had little effect on the reaction (entry 3). A fused [5, 6] ring system was obtained from the cyclization of enyne 51 (entry 4), although a slightly higher amount of acetone was required. Enynes containing functionalities such as ethers (entry 5) and amines (entry 6) also cyclized proficiently.
Rationale for the Chemoselectivity of the Cycloaddition of Enynes and Ketones
In contrast to the cycloaddition of aldehydes and enynes, substitution on either the olefin or the alkyne terminus had little effect on the chemoselectivity of pyran formation. In all cases, the carbonyl carbon was bound to the olefin, regardless of the alkyne substituent. For example, enyne 17 that has an ethyl terminus still provided pyran 50 (Table 6 , entry 3). Despite this difference, it is likely the cycloadditions of carbonyls (i.e., ketones and aldehydes) and enynes have similar mechanisms. As such, mechanisms A and B (Schemes 4 and 5) can be used to rationalize the chemoselectivity observed in the formation of all the pyrans (48-50, 52, 54, 56, 58). However, in this case, the ability to undergo C-O bondforming reductive elimination governs the chemoselectivity. Reversible oxidative coupling (to form an oxanickelacyclopentane 24, 25, 26 or a nickelacyclopentene 29 ) and insertion steps 30 lead to the formation of oxanickelacycloheptene intermediates 38 and 39 (Schemes 4 and 5). However, only complex 39 is likely to undergo C-O bond-forming reductive elimination. Carbon-oxygen bond-forming reductive elimination from complex 38 would require the formation of a C sp 3 -O bond, which has only been observed under oxidative conditions. 13 Thus, regardless of the size of the substituent, oxidative coupling and insertion events may be reversible thereby allowing all the components to rearrange and form complex 39 and, ultimately, pyran 39b rather than 38b (Scheme 5).
Conclusion
It was found that diynes can undergo a [2 + 2 + 2] cycloaddition with aldehydes in the presence of a Ni/carbene catalyst. While dienones were obtained for the cyclization of 1,6-and 1,7-diynes, their connectivity was different. It is believed that in the cyclization of 1,6-diynes, the dienone arises from a β-hydrogen elimination/C-H reductive elimination. In the case of 1,7-diynes, the observed dienone arises from a C-O reductive elimination/ electrocyclic ring-opening sequence. This methodology was expanded to include enynes as substrates to generate ketones, enones, or pyrans. Evidence suggests that the chemoselectivity of the reaction is governed by steric hindrance about the enyne, with the aldehyde reacting preferentially with the more sterically hindered unsaturated hydrocarbon. Finally, it was found that pyrans can be obtained chemoselectively in excellent yields from the cyclization of enynes and ketones. This represents the first successful attempt at using enynes and ketones as coupling partners in a [2 + 2 + 2] cycloaddition reaction.
Experimental Procedures General Procedure for the Cycloaddition of Diynes and Aldehydes
In a glovebox, a solution of diyne (0.39 mmol) and aldehyde (0.49 mmol) in 3 mL of toluene was added to an oven-dried scintillation vial equipped with a magnetic stir bar. To the stirring solution, a solution of Ni(COD) 2 (5.4 mg, 0.020 mmol) and SIPr (15.3 mg, 0.039 mmol) in 0.9 mL of toluene, which was previously equilibrated for at least 6 h, was added. The reaction mixture was stirred at room temperature for 2 h (or until complete consumption of starting material was observed as judged by GC or TLC) over which time the color changed from orange to brown. Upon consumption of the diyne, the mixture was concentrated in vacuo. The residue was purified by column chromatography on silica gel. The reaction conditions and results are shown in Table 2 .
General Procedure for the Cycloaddition of Enynes and Aldehydes
In a glovebox, a solution of diyne (0.32 mmol) and aldehyde (0.40 mmol) in 3 mL of toluene was added to an oven-dried scintillation vial equipped with a magnetic stir bar. To the stirring solution was added a solution of Ni(COD) 2 (4.4 mg, 0.016 mmol) and SIPr (12.5 mg, 0.032 mmol) in 0.2 mL of toluene, which was previously equilibrated for at least 6 h. The reaction mixture was stirred at room temperature for 2 h (or until complete consumption of starting material was observed as judged by GC or TLC) over which time the color changed from orange to brown. Upon consumption of the enyne, the mixture was concentrated in vacuo. The residue was purified by column chromatography on silica gel. The reaction conditions and results are shown in Table 3 and Table 4 .
General Procedure for the Cycloaddition of Enynes and Ketones
In a glovebox, a solution of diyne (0.37 mmol) and aldehyde (0.46 mmol) in 3 mL of toluene was added to an oven-dried scintillation vial equipped with a magnetic stir bar. To the stirring solution was added a solution of Ni(COD) 2 (10.0 mg, 0.037 mmol) and IPr (15.3 mg, 0.055 mmol) in 0.6 mL of toluene, which was previously equilibrated for at least 6 h. The reaction mixture was stirred at room temperature for 2 h (or until complete consumption of starting material was observed as judged by GC or TLC) over which time the color changed from orange to brown. Upon consumption of the enyne, the mixture was concentrated in vacuo. The residue was purified by column chromatography on silica gel. The reaction conditions and results are shown in Table 5 and Table 6 .
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c 10 mol % Ni(COD) 2 , 20 mol % SIPr.
d 10 mol % Ni(COD) 2 , 10 mol % SIPr.
e Product exists as an equilibrium mixture of dienone (major) and pyran (minor). 
